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We study the narrow soliton regime near 7, =195 K in Rb,ZnCl, with the help of the paramag-
netic probe Mn** (S =2, I =3), which fits the Zn>* crystal site nicely. Clearing the hyperfine in-

teraction out of the EPR spectrum enables us to account for the spin-crystal-field interaction in
terms of an amplitude modulation and of a soliton density. For a slow cooling or a slow heating of
Bridgman samples previously subjected to thermal cyclings around 7, we observe several tempera-
ture ranges of about 5 K marked by a stationary soliton density. We conclude that metastable states
pinned by defects are also responsible for a large hysteresis. Because our measurements are essen-
tially local, we cannot discriminate between a chaotic and a long-range order of the solitons.

INTRODUCTION

Mn?* (S=3, I=3) substituted at low concentration
for ’Zn" in Rb,ZnCl,, allows the completion of a set of
local measurements on the incommensurate phase of this
crystal. Indeed, ’Zn" has no nuclear spin, while 8’Rb*
(I'=3) and *>¥'C1™ (I =1) are well adapted for NMR and
nuclear quadrupole resonance (NQR) investigations, re-
spectively. Since >Mn2" fits the host nicely, the sensi-
tivity of ESR enables us to monitor the modulation of the
local crystal field with the help of diluted and weakly per-
turbing impurities through the quadrupolar spin-lattice
interaction, as is for Rb* NMR Ref. No. 1 and for
35,37Cl— NQR2

Presently, we focus on the multisoliton regime near
T.=195 K which has been the object of early qualitative
observations by ESR spectroscopy.® As for the plane-
wave regime near the normal-incommensurate phase
transition at T; =305 K,* a preliminary cleaning of the
hyperfine interaction is required to clear out the influence
of the lattice modulation on the distribution of the local
resonance fields. Otherwise, we follow nearly the same
theoretical framework, as for NMR investigations,! and
we assume that the soliton density which is deduced from
the ESR line shapes is an essential characteristic of the
multisoliton lattice.

It turns out that defect-induced metastable states can
account for anomalous results obtained on a particular
sample submitted to a particular thermal cycling around
T,

c*

40

I. THEORY

In an incommensurate phase, a spin probe located at
site r is influenced by its own displacement and by the
displacements of the neighboring atoms located at r;
from their positions in the underlying, high-symmetry
normal phase T > T;. The deformation of the surround-
ing can be represented by terms such as

ula,i)= A(T)e(a,i)cos[D(r)—D(a,i)],

®(r) and A4 (T) represent the local phase and the ampli-
tude of the modulation, respectively. e(a,i) and ®(a,i)
represent, respectively, the components and the phase of
r—r;.

"In Rb,ZnCl,, for the external magnetic field H directed
along the modulation a axis (=[100]) the space-group
symmetry of the high-temperature phase is D1 (Pnma),
the symmetry of the displacement field implies that the
local shift of the resonance lines AH(®) is an even func-
tion of the atomic displacements.* A power-series expan-
sion up to second order gives

AH(®)= AXT){hy+h’cos2[®(r)—D,]} . (1

a=x,y,z .

Apart from a global shift, the line shape is influenced
by A% T)hycos2(®'); [®' =d(r)—P,]. The parameters
h,, h, and ®, depend on the ESR transition which is
considered.

Let us assume, for the sake of simplicity, that the local
linewidth is mainly influenced by the fluctuations of a
first-order Hamiltonian with the same phase as the
second-order displacement:
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F(t)=A(T,t){OF }cosd’ .

{O%'} represents a linear combination of Stevens spin
operators, {0O7'}=T3, d70%. Using the semiclassical
analysis of the resonance linewidth® as used in our earlier
work,*¢ the local linewidth is driven by nonsecular
effects, according to

L(®')=Ly+L,cos*(®')+L,sin(d') , (2)

where L; and L, depend on the spectral densities of the
fluctuations of the amplitude and the phase, on the ma-
trix elements of {O%'}, and on the frequency measure-
ment. L, takes into account the line broadening through
mechanisms irrelevant to the lattice modulation.

The experimental ESR line shape is given by

F(H)=fohf({H—[H0+AH(<I>’)]}/L(<I>’))P(<I>’)d<l>’ ,
3)

where f is a local line shape, H, the resonance field posi-
tion above T;, and P(®’) is the probability distribution of
@' over the crystal.

In the multisoliton regime, the phase ® obeys a sine-
Gordon equation and we obtain

P(®)={A(T)+cos’[n(D—dy)]/2} 172
and
P(®')={A(T)+cos’[n(®'—dy)]L} 172,
(D' =D—D, ®)=00,—b,)

with n =6 for Rb,ZnCl, and the parameter A(T) leads to
the soliton density according to

N (T)=(m/2)[K(1+A)" /27!

where K represents the elliptic integral of the first kind.!
@, represents the origin of the modulation in the nearly
commensurate domains.

In this simple theoretical framework, a constant ampli-
tude is assumed and the crystal is considered as a contin-
uum medium. A more refined theory shows that ampli-
tude solitons are coupled to phase solitons.” Whatever
the shortcomings in the theory are, we consider that the
parameters of the model, deduced from a computer
reconstruction of the experimental spectra, give a
relevant description of the multisoliton regime and of the
structural phase change at T,.. Particularly, we shall as-
sume below that the stability of the soliton density when
T varies indicates a stability of the structural phase.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Two Rb,ZnCl,:>*Mn2* samples cleaved from different
Bridgmann batches have been studied. The chemical
products used for both batches have the same origin.
Apart from the 3Mn?" probes, neither the purity, the
concentration of dislocations, nor the other extended de-
fects in the samples were controlled. No pollution by
other paramagnetic impurities was detected by ESR. A

rather good crystalline quality was deduced from a visual
examination through a microscope. Nevertheless, in
such crystals the dielectric peaks near the lock-in transi-
tion which are observed in high-quality samples are
smeared.?

Sample 4 was studied at EPR X band (10 GHz). Due
to an overlap, at high magnetic field, between the lines
Fi: (mg=3—3) and Fi: (m;=1—2), only the behavior
of the low-field lines corresponding to &;:
(m;=—3— —2) could be investigated. During the cool-
ing run, the temperature was lowered by jumps of 0.2 K.
Between each variation, the temperature at the sensor be-
ing stabilized with an accuracy of 0.1 K, a delay of about
10 min permitted a stability of the ESR spectra to be ob-
tained. About 30 records were taken in the temperature
range 180-240 K. The same slow sequence of thermal
variation was repeated in the heating run, the sample be-
ing initially cooled quickly and stabilized at T=160 K.
It is worth noting that the sample 4 was previously sub-
mitted to several thermal cyclings around 7T; and around
T, in order to define the experimental and the computer
procedure. Particularly, close to T, and for large temper-
ature jumps, we have observed a long relaxation time of
the sample according to previous results.3

On the other hand, sample B was freshly cleaved from
a recently grown single crystal and was studied at the Q
Band (34 GHz). Both 6;: (m;=—3——3) and ¥;:
(m;=3—23) can be investigated. Similar thermal cy-
clings were realized, except for the amplitude of the
thermal jumps, which was about 1 K, and for a poorer
temperature stabilization AT =0.3 K. The larger jumps
are an essential difference between the two experiments.

The simulation of the experimental spectra was done
with the help of a computation program based on the
conjugate-gradient method.® The model parameters are
varied automatically until an excellent agreement be-
tween the experimental spectra and the calculated ones is
obtained. We summarize in the following the different
steps used for the simulation.

First, for each line (&, F,) the *Mn?" hyperfine struc-
ture does not exhibit any significant difference in the
commensurate phases (T'>T; and T <T,). Particularly
when H is directed along the modulation axis a, the three
nonequivalent paramagnetic sites possess the same
hyperfine splitting. This allows us to deconvolute the ex-
perimental lines (Fig. 1) in the incommensurate phase by
a single hyperfine sextuplet which is determined experi-
mentally for each transition. Thus the distribution of the
local resonance fields, only due to the modulation of the
crystal field, is cleared out (Fig. 1).

The multisoliton regime is marked by embryos of the
three discrete lines observed below T, in agreement with
a tripling of the unit cell a(T <T,)=3a(T>T;). The
plane-wave regime near T; gives only two edge singulari-
ties corresponding to ®'=(0,7), { X7 /2}.

Then, the deconvoluted experimental lines were fitted
using the theoretical model of Sec. I. This is exemplified
in Fig. 2(a) for the &, transition at the X band. A per-
sistent shoulder on the high-field side of the reconstruct-
ed curve could not be erased. The theoretical model can-
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FIG. 1. Experimental EPR spectras &P and their corre-
sponding quadrupolar local line-shift distributions Fj®' ob-
tained by a deconvolution of §*P' by the hyperfine sextuplet. (a)
6(—3——3) at Q band, (b) &, at X band, (c) F(3—>3) at Q
band. Far from T, (upper spectra a,b,c), we obtain two edge
singularities according to a plane-wave regime. (a) Approach-
ing T, we obtain two sharp discrete lines with relative intensi-
ties 1 and 2. This is due to a particular value of ®;~ 30° (mod
7/3). (b) and (c) The soliton regime (intermediate spectra) is
marked by embryos (arrows) of the three discrete lines observed
below T, (lower spectra). The phases of ®; are, respectively,
18.5° and 11° (mod 7 /3).

FIG. 2. Comparison between the experimental distribution
(a) of the quadrupolar local line shift F;*** and the calculated
ones (b) and (c) [Eq. (3)]. (b) Without an amplitude modulation.
(c) With an amplitude modulation [Eq. (4)].

not account for the sharp edge singularity which is ob-
served [Fig. 2(b)]. To overcome this discrepancy, we
have allowed a modulation of the amplitude according to

A(T,7)=Ay(T)[1—7cos(2®")] . @)

Then, the reconstructed curve [Fig. 2(c)] reproduces
nicely the features of the experimental one [Fig. 2(b)].
This adornment of the basic theoretical model, which is
helpful in erasing a cumbersome edge singularity, can be
supported by actual properties of the multisoliton lattice.
Indeed, the amplitude-modulation term is equivalent to
the introduction of high-order terms in the power-series
expansion of AH(®') [Eq. (1)]. Such terms may have a
significant influence for a large amplitude of the atomic
displacements, i.e., near T,. On the other hand, the edge
singularities ®'=(0,7), {+7/2} are reminiscent of the
plane-wave regime and arise from probes inside discom-
mensurations. They are submitted to large fluctuations,
driven by the evolution of the underlying Goldstone
mode!® and to amplitude solitons coupled to phase soli-
tons.” Briefly, the parameter 7 has the virture of taking
into account various mechanisms which act differently on
the edge singularities arising from the discommensura-
tions and on the sharp lines due to the commensurate
domains.

Finally, the parameters of the improved phenomenlogi-
cal model derived from the theory were adjusted using a
reverse procedure, i.e., a convolution by the hyperfine
structure. Typical reconstructed spectra are compared to
the experimental ones (Fig. 3). The soliton density de-
rived from the fitted parameter A(T) is represented in
Fig. 4. Below T,, the fit of the experimental lines with
the soliton model yields a smooth variation of N (T)
from 0.3 to 0.18 over a temperature range of about 5 K.

At lower temperature, i.e., below T.—5 K, we were
unable to discriminate between a residual density of
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FIG. 3. Examples of simulations of the EPR spectras (in the
Q band) for various temperatures using a convolution pro-
cedure. (b) The experimental &, spectras and (a) the simulated
ones. (d) The experimental &, spectras and (c) the calculated
ones.

pinned solitons (N <0.18) and three discrete sextuplets
corresponding to a normal spectrum from the commensu-
rate phase. In Fig. 4 we have plotted N, =0 below T, —5
K.

III. DISCUSSION

A larger hysteresis AT =10 K than for samples grown
from aqueous solution!! is observed. This indicates that
defects are present in our samples and this is consistent
with dielectric measurements on samples of the same ori-
gin.® It is well known that the lock-in transition is very
sensitive to defects and to the thermal history of the sam-
ples through a pinning effect.®'>!3 Therefore, we cannot
pretend to observe the intrinsic critical behavior of
Rb,ZnCl, near T,.

On the other hand, we may question the relevance of
the line-shape parameter N (T) as an essential parameter
monitoring the structural phase change. Let us note that
two independent measurements on sample B, during the
heating run, with the help of two different EPR transi-
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tions at the Q band, led to consistent results [Fig. 4(a)].
Moreover, at T., we obtain the same density of residual
solitons of about N (T,)=0.3 whatever the samples, the
ESR transition, and the measurements frequency. The
consistency of these observations enforces the reliability
of our estimate of the soliton density. Since the two sam-
ples are cleaved from different batches and since they
have a different thermal history and since they are sub-
mitted to different thermal jumps, a different behavior
near T, is not surprising.

For the sample B, we obtained a continuous variation
of N,(T) [Fig. 4(a)]. For comparison we have represented
the intrinsic critical behavior according to N (T)
=—N,ln"(¢) with Ny=1.89, t=(T—T,)/T,, and T,
=194.9 K. Searching for an exponent law, N,(T) « 5, to
fit the experimental result, we found that 8=0.3. Ac-
cording to the theory,'? a soliton regime dominated by
defects should verify that 5=0.5. Therefore, we cannot
account for our results with the help of current theories.
It is worth noting that the vanishing of N (T) far below
T, is reached through a smooth tail [Figs. 4(a) and 4(b)]
over a temperature range of 5 K below 7T,.. This indicates
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FIG. 4. The soliton density N (T) deduced from the fitted pa-
rameter A(T): (a) Q-band measurements with sample (B): cool-
ing (@) and heating run (O) for transition &,. Heating run (H)
for transition F,. The solid line correspond to the theoretical
law N(T)=—1.89 In"'[(T—T,)/T,]. The dashed lines are
guides for the eye. (b) X band for sample ( 4) and transition &,
cooling (@) and (O ) heating.
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a rearrangement of pinned solitons below and near T, as
it was also observed with the help of other techniques.!>

The results obtained with the sample A are much more
interesting. Indeed, the dependence of N, on T is marked
by several “plateaus” over temperature ranges of about 5
K. Due to the slow cooling and heating rates, these pla-
teaus were observed for up to a few hours. In as much as
our parameter N (T) is a relevant one, we should have
observed metastable states. Let us note that the condi-
tions required for metastable states, i.e., the existence of
pinning defects and smooth variation of T, were fulfilled
for the sample A.

This result recalls a recent result obtained with
{N(CH,;),}, ZnCl, using x-ray Bragg scattering.!* In
this crystal, defects were created by x-ray irradiation and
their concentration was controlled by the exposure time
and the thermal treatments were similar to ours. Meta-
stable states were monitored by the stability, over a tem-
perature range of about a few K, of the incommensurate
wave vector of the Bragg satellitees. Different metastable
states were observed for the cooling and heating runs, in
accordance with our results. Presently, our local mea-
surements cannot discriminate a chaotic organization of
pinned solitons and a true long-range order between
them. On the other hand, a rather long-range order is re-

quired to observe Bragg satellites. We conclude also that
there is a complementarity of the two techniques for a
full identification of the metastable states.

CONCLUSION

Despite the use of an impurity to monitor the soliton
regime and rather heavy computer work, our preliminary
results show that ESR is an interesting method for inves-
tigating the soliton regime, which is a field of current in-
terest. A report about the dynamical parameters L, and
L, [Eq. (2)], the origin of the phase parameters ®}, and
the amplitude-modulation parameter 7 will be given else-
where. Let us note that the parameter 7, which was in-
troduced to improve the fit of the experimental lines,
could be an indirect evidence of amplitude solitons.
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